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ABSTRACT
This thesis investigates the performance of gas chromatography (GC) columns 
using various coating and surface modification methods. Columns were 
produced using conventional fused silica capillary (open tubular) columns and 
new microelectromechanical system (MEMS) columns formed on silicon 
microchips. (Jncoated MEMS chip columns used were provided by Dr. Masoud 
Agah (Virginia Tech MEMS lab, Blacksburg, VA, USA). MEMS columns were 
formed on pure silicon microchips by etching the surface with an ion plasma gas 
to produce a 1-2 m long microchannel that can be coated with a liquid stationary 
phase to produce an operational GC column. Dynamic and static methods were 
used for coating stationary phases using polydimethylsiloxane (PDMS). Between 
the two types of MEMS columns open channeled columns were less efficient 
than semi packed columns. The dynamic coating of MEMS columns and 
crosslinking procedures that were conducted in low temperature ice baths 
provided the best separations. Octadecyltrichlorosilane (OTS) was selected for 
this study, based on their physical and chemical properties. Effects of column 
surface modification techniques applied prior to coating of both MEMS and fused 
capillary columns were also investigated; hydrofluoric acid, chromic acid and 
piranha etching. Open tubular capillary columns were also dynamically coated 
with (OTS) and trichlorethylphenylsilane to vary the polarity and test the 
chromatographic performance. This work is a step toward the goal of using 
MEMS technology to produce a small GC system that provides performance 
comparable to modern bench top models.
TABLE OF CONTENTS
Acknowledgements ii
Dedications iii
List of Tables iv
List of Figures V
Introduction 1
Experimental methods 22
Results and discussion 29
Bibliography 53
Vita 56
ACKNOWLEDGEMENTS
I sincerely thank my advisor Dr. Gary Rice for accepting me as a master’s 
student, and for providing guidance and financial support for my research. I 
enjoyed the time working in his laboratory, and have obtained a greater 
knowledge regarding the conduct of research in analytical chemistry and 
publication of results due to his mentoring.
DEDICATIONS
I dedicate this work to my parents, Gideon and Karin and other family members.
I thank all for providing me with motivation to attend a University, and do realize 
that could, and must, continue to learn throughout my life. I also thank Rob Hale 
(VIMS professor) for teaching two of my courses and always being available for 
questions and comments during the semesters, and I thank William G. MacIntyre 
for the advice he has provided during my undergraduate program.
LIST OF TABLES
1. MEMS column configurations used in this study 22
2. Properties of volatile organic compounds used
in standard solution. 27
3. MEMS coated columns and their chromatography conditions 29
iv
LIST OF FIGURES
1. The static method for coating open tubular columns
2. dynamic method for coating open tubular columns
3. Apparatus for dry-etching silicon wafers.
4. Open channel tubular microchip column (left) and a semi 
packed microchip column containing posts.
5. Structure of polydimethylsiloxane (OV-1).
6. Coating apparatus for capillary and MEMS columns.
7. Chromatogram obtained from on column Openld 
staticallycoated with OV-1 and crosslinked with ATB.
8. Chromatogram obtained from column Openld recoated 
using the dynamic method with OV-1 and crosslinked with 
ATB.
9. Chromatogram obtained from Semi 1-1 column dynamic 
coated with OV-1 stationary phase and crosslinked with ATB
10. Chromatogram obtained from column Semi 1-2 dynamically 
coated with OV-1 and crosslinked with ATB
11. Chromatogram obtained from column Semi 2-1 coated with 
OV-1 and crosslinked with ATB
12. Chromatogram obtained from column Semi 4-2 coated with 
OV-1 and crosslinked with ATB
13. Chromatogram obtained from column 4-2 B coated with OV- 
1 and crosslinked with ATB.
14. Reaction of a hydroxylated silica surface with OTS.
15. Chromatogram obtained for a column with a 1 minute HF 
flush at 3 psi.
16. Chromatogram obtained for a column with a 1 minute HF 
flush at 4 psi
6
6
13
15
16
24
31
32
33
34
35
37
38
40
43
43
v
17. Chromatogram obtained for a column with a 2 minute HF
flush at 3 psi. 44
18. Chromatogram obtained for a column with a 2 minute HF
flush at 5 psi. 45
19. Chromatogram obtained with a 4 minute HF flush at 3 psi. 46
20. Chromatogram obtained with a 4 minute HF flush at 5 psi. 46
21. Chromatograms of trichlorethylphenylsilane and OTS
treatments with HF and dichromic acid flushes 47
vi
Introduction
There are several chromatographic methods for separating, identifying, and 
quantifying compounds o f  interest in a variety o f sample matrices. Gas chromatography 
(GC) and high performance liquid chromatography (HPLC) are the most commonly used 
today. HPLC provides for the separation o f compounds that are nonvolatile and often 
highly polar, such as biological molecules and drugs. GC is the most common method 
used for the separation and analysis o f volatile compounds such as chlorinated 
hydrocarbons, atmospheric components, petroleum components and combustion 
products, and a wide variety o f other volatile organic pollutants. Over the years since GC 
was invented by James and Martin in 1952, there have been m ajor efforts to improve and 
optimize all components o f GC systems, including injectors, temperature controllers, 
separation columns, gas flow controllers, detectors and system digital software control. 
The primary limitation imposed on GC is that the analytes must have sufficient vapor 
pressure to travel in the gas phase, and interact sufficiently with the column surface to 
provide separations, thus elevated temperatures are normally required.
There are several components common to any GC system that are relevant to 
operational performance, including compound separation or resolution, column efficiency 
and analytical sensitivity. A typical GC system consists o f  the following components: 
connected in series a pressurized mobile phase carrier gas with a flow control regulator, a 
heated injection port, a GC column in a temperature controlled oven, detector, and a 
processing unit for operational control o f each component and for data collection.
The injection system used in gas chromatography is varied as needed for use with 
particular samples, but usually involves the direct injection o f a gas or liquid sample that
2is vaporized in the injector body. The injector port temperature is controlled separately 
from the GC column oven temperature, and is typically set to a temperature sufficient to 
vaporize all o f  the analytes in a sample. Samples o f liquid or vapor are introduced into 
the injection port through a silicone rubber septum. The septum has a constant flow o f 
carrier gas across the inside surface to eliminate the chance o f spurious signals caused by
1 Oseptum decomposition. The inner portion o f the port contains a glass liner to minimize 
possible sample sorption on the metal surface o f the injector body. Quartz wool is used in 
some liners to act as a filter to minimize the possibility o f nonvolatile compounds or 
particles entering the column.
The injection modes are classified as splitless, in which the entire sample volume 
goes into the column, or split, in which only a selected fraction o f the injected sample 
passes from the injector to the column. Splitless injections are normally done for samples 
with low analyte concentrations. Split mode injections are used in situations where the 
analyte concentrations are expected to be high and might overload the column to reduce 
effective separation. In general, split flows will result in faster transport o f analytes from 
the injector port onto the column with narrower band widths and less tailing. The split 
mode is selected before an injection and the split ratio is adjusted by system valves and 
plumbing. The split ratio defines the fraction o f the sample vaporized in the injector that 
is delivered by the carrier gas into the column. The remaining fraction o f sample is 
voided from the injector through an exit valve.
The two general types o f GC columns are packed and capillary. Packed columns 
are glass or metal tubes filled with a supporting granular material such as silica or 
diatomaceous earth which has been coated with a highly viscous stationary organic phase
3chosen to produce the desired separation. Capillary columns differ in that the column 
(generally made o f fused silica) is a small diameter open tube with less than a 0.5 mm 
internal diameter (i.d.) coated on the inside surface with the stationary phase. Capillary 
columns are limited to lower sample loadings since the surface area coated with 
stationary phase and the coating thickness is much less than for packed columns. 
However, capillary columns provide much greater resolution and separation efficiency 
than packed columns, and thus are normally used for complex analytical separations. 
Accordingly, only capillary column applications will be described in this work.
Effective separations on a capillary column requires a small injection volume and 
sample loading (which is calculated from sample injection volume and sample analyte 
concentrations), selection o f appropriate column diameter, column length, column 
coating material having suitable sorption and polarity for components in the particular 
sample, coating material thickness, and column temperature. An optimal carrier gas flow 
rate is necessary to allow near equilibrium to be attained between analytes in the mobile 
gas phase and the column stationary phase for best separation efficiencies. Several 
capillary column designs and materials have been used in the past, but are now generally 
based on coated fused silica capillary columns.
Capillary column GC technology has been available since the 1950’s based on 
concepts by Marcel Golay, but the investigation and design modifications o f capillary 
columns has expanded greatly over the past thirty years . 1 Capillary columns were created 
to work in the same manner as conventional packed columns except that analytes would 
be retained by the coating on open tubular walls rather than on a coated column packing 
material. The first capillary columns were coated with silicone oil. The effectiveness o f
4these columns was not determined fully due to the limitations o f detectors and 
injectors/injection methods then available.
The first fused silica open tubular GC columns were developed by Hewlett 
Packard Corp. in 1979, and soon replaced the earlier glass columns. Several types o f 
open tubular columns are now manufactured. M ost GC columns are now composed o f 
pure fused silica as a support for a wide variety o f stationary phase column coatings, 
many o f which are commercially available. Flexible and rugged fused silica capillary 
columns have been attained by the addition o f a polyamide outer coating . 1
Fused silica capillary columns are constructed from open bore silica tubing by 
different coating methods which depend on the nature o f the stationary phase and the 
method o f attachment o f the stationary phase to the silica tubing (i.e. column coating and 
coating procedure). The stationary phase composition and polarity selection for optimal 
separation is based on the chemical properties o f analytes in the sample to be analyzed. 
Fused silica columns are generally coiled for fitting into small GC ovens. Most practical 
capillary GC columns are from 10-60 meters in length, with an internal diameter ranging 
from 0.1- 0.5 mm.
In gas-solid capillary column chromatography, the uncoated column surface is 
first modified by a solid stationary phase which retains and separates analytes primarily 
by sorption interactions (partition between the gas phase and the modified silica surface). 
M ost fused silica capillary columns, however, are coated with a nonvolatile liquid that 
serves as the stationary phase and interacts with analytes in the carrier gas via adsorption 
to effect separation. This process is referred to as gas-liquid chromatography (GLC), 
which is the basis for all the work presented here. In most cases, the internal silica
5surfaces o f the open capillary column is treated with chemical agents that promote 
adherence o f the selected stationary phase to the colum n’s internal surface, as well 
chemical crosslinking o f the stationary phase to enhance immobilization. This is very 
desirable, because column bleed and column degradation, which can affect the detector 
signal, are greatly reduced. A uniform thickness o f stationary phase coating throughout a 
given column is also important and affects analyte separations. For example, thicker 
coatings in a column lead to decreased flow o f the mobile phase and increased compound 
interactions that can lead to increased separation efficiency but longer retention times. A 
defining characteristic o f all tubular chromatographic columns is that as the column 
diameter is decreased, the carrier gas pressure must be increased to force the mobile 
phase and analytes through the column. Also, for a given pressure, as the column 
diameter decreases the velocity o f the sample traveling through the column increases 2 
W hen coating a column with a reduced internal diameter, the sample capacity is also 
reduced due to the smaller surface area for coating.
Open tubular fused silica columns have been manufactured using several methods 
o f column coating. The most common methods are based on maintaining either static or 
dynamic coating solution flow conditions during the column coating process. In static 
coating, the entire column is filled with a solution o f the stationary phase in a volatile 
solvent, then one end o f the column is closed and the other end is connected to a vacuum. 
As the solvent used for the stationary phase evaporates, the solution front moves down 
the tube leaving a coating on the column w alls . 3 , 4 This process may take several hours to 
complete. The procedure needs no attention and thus can be carried out overnight. A 
diagram o f the static coating procedure is shown in Figure 1. The column is filled with a
6solution containing the stationary phase at a concentration appropriate for forming a film 
at the desired thickness . 5 The required_solution concentration will depend on the 
stationary phase, the contact time, the solvent, the temperature and the condition o f the 
wall surface.
Figure 1. The Static Method for Coating Open Tubular Columns
Solvent
PlugEnd of Column 
Sealed
Dynamic coating is carried out by injecting a plug o f the stationary phase solution 
in a volatile solvent into the column. The column is then connected to a pressurized gas 
supply to force the solution plug slowly through the column as shown in the Figure 2 
below.
Figure 2. The Dynamic Method for Coating Open Tubular Columns
Capil lar  > Solvent
C o lu m n  Pluu
7The pressure is adjusted to control the plug velocity through the column. After the plug 
has exited the column, the gas flow is continued for a set time period to remove the 
solvent by evaporation. The gas flow m ust not be increased too rapidly after the plug has 
left the column or an uneven film will be produced, giving poor chromatographic 
performance.
Prior to coating the fused silica column, the reagents and method o f bonding o f 
the stationary phase to the column surface must be selected. Stationary phases are 
generally high molecular weight organo(siloxane) polymers o f very low volatility and 
high viscosity. Substituent groups on these polymers provide stationary phases with a 
wide range o f polarities, allowing separations o f samples containing volatile compounds 
with polarities appropriate for sorption. Selection o f  the stationary liquid phase for a 
particular sample is based primarily on liquid phase polarity. Polar compounds will 
interact with the polar stationary phases, while less polar compounds are more weakly 
sorbed, thus providing separations based on component polarity.
There are several advantages in using liquid stationary phase coatings. The purity 
o f these phases is high, and many liquids with various polarities and different active 
functional end groups are available that provide reproducible retention times for 
particular separations. The thickness o f the stationary phase can be adjusted easily. A 
noted disadvantage o f some liquid column stationary phases is the upper operating 
temperature limit. Exposing a column above its upper temperature limit will cause the 
liquid stationary phase to decompose or to detach from the column and bleed into the 
detector. Stationary phase degradation may be accounted for in other ways, most notably 
oxygen exposure damage. Oxidation o f a column is most severe at elevated temperatures
8where the stationary phase can be oxidized to an extent that covalent bonds between 
adjacent monomers after crosslinking are broken, thus breaking up the stationary phase.
The separation efficiency o f a GC column is measured by the number o f 
theoretical plates obtained, resolution, peak symmetry, and column sample capacity, all 
o f which can be measured by analysis o f the chromatographic output for the sample. The 
number o f theoretical plates is defined as the number o f  successive gas /liquid analyte 
equilibria that can be attained for a given column. Higher numbers typically mean that 
the peaks are narrower (less broadened) and thus better separations can be achieved. Peak 
symmetry defines the shape o f a peak identified, and ideally should be gaussian in shape 
for the calculation o f the number o f  plates obtained for a given column. The column 
sample capacity is a measure o f  how m uch injected sample can be retained on the column 
without overloading the stationary phase, which causes peak broadening, unpredictable 
peak shapes and poor separation. Chromatographic resolution is typically measured 
between two successive peaks.
For a given gas chromatogram, each peak can be described by measuring the peak 
retention time and peak w idth . 6 Retention time for a compound is the time difference 
between the initial injection and the time the peak is observed at the detector after 
interacting with the column stationary phase. Adjusted retention time is obtained by 
taking the difference between the retention time for the compound and the retention time 
for the mobile phase carrier gas. These data can be used to calculate the number o f 
theoretical plates, which is effectively related to the column efficiency and given by:
( 1)
where tr is the peak retention time, and W 1/2 is the peak width (in the same units) 
measures at one half o f the peak height.
The height equivalent to a theoretical plate (HETP) is defined by:
HETP = L/N (2)
where L is the column length, and N  is the number o f theoretical plates in the column. 
HETP essentially defines the longitudinal width o f any given plate (segment) for a given 
column.
The Van Deemter equation (3) relates the height equivalent o f a theoretical plate 
(HETP) to the carrier gas flow velocity (w) for a gas chromatogram under the specified 
conditions o f separation (e. g. coating material, coating thickness, temperature and 
column diameter).
HETP = A + B / u  + C u  (3)
The HETP value is a good experimental measure o f column efficiency. The 
values for the terms A, B and C in the Van Deemter equation must be established by 
experiment for the particular column and analyte by running chromatograms at several 
flow rates to establish HETP and the constants, then finally plotting HETP vs flow rate 
to find the optimum flow rate.
Evaluation o f the Van Deemter parameters has been described by M oody . 7 
Conceptually, the A term refers to eddy diffusion which indicates how the analyte 
molecules migrate over different path lengths. This is negligible in capillary columns. 
The B term represents the natural longitudinal diffusion occurring as the analyte travels 
through the column. The C term represents the equilibrium o f the analyte transfer 
between the mobile and stationary phases, or what is referred to as mass transfer. Peak
10
broadening relative to longitudinal diffusion will decrease as flow rate is increased. 
Another consideration is that peak broadening increases in terms o f the mass transfer o f 
analytes between the column stationary phase and mobile phase as flow rate is increased. 
This broadening occurs due to a non-equilibrium distribution o f analytes between the 
mobile and stationary phases.
By calculating the number o f theoretical plates for a known sample tested at 
various flow rates for a given column, a plot can be constructed o f plate height vs. flow 
rate, where the minimum gives the flow rate giving the best column efficiency (lowest 
HETP). Comparing HETP plots for columns that are similar in dimensions and having 
the same stationary phase coating allows one to evaluate what progress in separation 
efficiency has been made by selected variations in the coating process. The number o f 
theoretical plates for a conventional GC column will vary based on column length, 
diameter, and coating methods used.
Capillary GC columns can be fabricated on a much smaller scale using 1 -2 m 
lengths etched into channels on silicon microchips. The process involves etching the 
surface o f a pure silicon chip to produce a channel on which a stationary phase coating 
can later be applied to produce a GC column. The first micro GC columns on a silicon 
wafer were developed in the late 19705s and early 1980’s but did not have immediate 
applications . 2 These columns were proposed as possibly being more cost effective for 
industrial process controls and environmental analysis than open tubular silica colum ns . 5 
Primary reasons given for this were smaller amounts o f reagents needed, lower 
instrument power requirements, lower carrier gas use, enhanced portability and higher 
potential sampling frequency.
11
Various designs o f both GC micro chip and fused capillary columns are key 
components in new GC system technology development, where continued efforts are 
being made to produce smaller, long lasting, and higher resolution columns for 
environmental and industrial use. Etched chip columns have the potential utility for 
onsite use in miniaturized GC systems, since the column and associated column oven can 
be very small. The new columns have narrow channel widths, making their channel 
geometry similar to that o f open tubular columns. M icrochip columns can be 
incorporated into total micro analysis systems (miniaturized chromatographs) for rapid 
and on-site analysis, a new technology being developed in some laboratories. The goal o f 
microsystems technology is to produce small handheld gas chromatographic devices that 
provide results that are comparable to those o f m odem  bench top laboratory GC methods.
Fabrication methods for microchip columns have improved significantly in recent 
years. Mechanical production difficulties with microchip channel formation have been 
reduced by using photolithography and electron beam lithography. One major change has 
been in chemical modifications o f the channels within the chip to alter the geometry o f 
the channels to increase coating surface area for improved separation efficiency .9 
Improvements o f micro detection systems components connected to these chips have also 
helped demonstrate the feasibility o f integrated GC micro analysis systems.
Sample analysis has been successfully demonstrated using silicon microchips GC 
colum ns . 10 Examples o f compounds analyzed include gases, aliphatic and aromatic 
compounds, and chlorine, bromine, oxygen, nitrogen, and sulfur-containing compounds 
11 One application includes the measurement o f NO (nitric oxide) in human breath 
sam ples . 10 Nitric oxide is o f interest due to its potential role as a symptom for asthma.
12
The nitric oxide is oxidized to N O 2 using a CTQ3 catalyst, then separated and measured by 
the micro GC. Isoprene concentrations in breath samples can also be used to obtain 
information on heart, functions (isoprene increases in breath during cholesterol synthesis). 
W ith GC micro analysis systems, environmental samples that had to be collected in larger 
quantities and returned to the laboratory can be collected and analyzed onsite. Several 
microchip columns are now available commercially, but improved designs and chemical
• 19coating techniques are still needed and being developed.
M icroelectromechanical systems (MEMS) technology provides a new
1 9opportunity for greater success in the establishment o f micro GC columns. MEMS uses 
standard procedures in silicon chip electronics manufacturing, consisting o f wet and dry 
etching techniques, chemical oxidation, solid phase diffusion and in some cases 
pressurized chemical vapor deposition onto a surface with SiCE. Some etching processes 
are followed by chemical bonding o f compounds or metals o f  interest to alter and adjust 
reactive properties o f  the etched channel surfaces.
Dry etching o f silicon surfaces uses a process where a reactive plasm a gas 
removes Si0 2  from the exposed surface. Dry etching conditions vary with the 
temperature, pressure and voltage applied to the surface. The quality o f this process is 
defined by the ratio o f  gas to surface reactant. The concentration, time and velocity o f 
etchant applied, along with the reactant surface dimensions determines the process 
outcome. Factors for using these approaches to produce GC channel etching patterns 
include design shapes o f the channel surfaces, etch rate, and operational cost. The etch 
rate varies with selectivity and strength o f an etchant along with the silicon surface faces 
exposed to be etched. A masking agent is applied to the surface to provide a pattern for
13
etching o f  the unmasked regions o f the chip that will become column channels. Some 
metal masks can be applied to silicon surfaces in extreme situations (several hundred ° C) 
or continuous application o f etchant. 14 Critical factors considered are contamination 
during etching, temperature and cost. Metal masks are a problem because o f the potential 
o f metal depositing on to the silicon surface, which makes removal a challenge. A 
common mask used during etching is Si4N 3 , which avoids silicon surface damage that 
occurs using a metal m ask . 14
In a typical etching process the material to be etched is placed in a sterile closed 
environment where XeF2 gas is introduced (as seen in Figure 3). The etching is controlled 
by the intensity o f an RF power source.
Figure 3. Apparatus for dry-etching silicon wafers.
Wafers s 9^na  ^
Insulator
P1A&&IA y
Upper electrode
Lower electrode 
Wafer holder
* Diffuser nossles
Gas Pump Gas
A plasma is used to convert the gas molecules into ions and then directs them towards the 
surface o f the silicon chip. Sufficient RF energy is introduced to cause an ionizedjegion 
leading to a compositional change on the chip surface and producing an etched pattern.
14
This is considered to be a dry etching process, also known as the Bosch process. Wet 
etching can be applied by using a selected chemical etchant and masking material to stop 
the destruction o f the chip.
Additional etching techniques have allowed for even more elaborate micro column 
designs. Microchip GC columns used in the present research were fabricated based on a 
silicon-on-glass process. First, a 6  micron thick layer o f a photoresist is spun on the 
silicon wafer to form the column channel path and patterns. The wafer is then etched to a 
depth o f 180-250 pm using DRIE (deep reactive ion etching), which is based on the 
standard Bosch process. This dry etching process involves using two gases, sulfur 
hexafluoride and octafluorocyclobutane (SF6 and C4 F 8), that are introduced to the 
chamber containing the wafer in an alternating m anner . 15 Sulfur hexafluoride (SF6) etches 
the silicon and octafluorocyclobutane C4 F8 forms a passivation layer. This mode o f 
etching allows formation o f channels with vertical sidewalls, internal microposts, and 
microfluidic ports. After stripping the photo resist, the silicon wafer is anodically bonded 
to a Pyrex substrate by bringing the two into contact and applying a high electric field at 
350 °C.
Alfeeli et al produced a variety o f MEMS columns designed to improve the 
separation efficiency as well as define some o f the limitations o f high-aspect-ratio 
(length/width ratio) pGC columns. The new generation o f MEMS columns varied in 
construction and including serpentine micro fabricated column patterns with open, 
multicapillary, and semi-packed designs . 17 Typical open channel and “semi-packed” 
channels containing “posts” are shown in Figure 4.
15
Figure 4. Open channel tubular microchip column (left) and a semi packed 
microchip column containing posts (right).16
Pyrex 
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Semi-packed columns containing Si “posts” located in the MEMS chip channels 
are effective in providing additional surface area for the stationary phase . 17 These 
columns are called semi-packed because they are a special case lying between open 
channel microchip columns and packed columns. As with packed columns, obstacles are 
placed in the flow path o f semi-packed columns, but the obstacles are now silicon “posts” 
in the channels rather than packing particles. The posts alter column gas flow and provide 
enhanced stationary phase contact area, smaller effective channel width, better column 
gas flow characteristics, and a potential for better compound resolution and larger sample 
capacity. This is in part a result o f gas flow patterns around the posts that are located in 
the channels on the chip. The mass transfer term (C) in the Van Deemter equation is 
reduced due to a thin stationary phase present on the posts. The ability to construct a 
column with a smaller width can allow for a reduction in peak broadening. The 
consideration o f the post spacing and location is a factor that must be optimized for best
GC performance. Noticeable pressure drops result from decreasing the column and post 
cross sectional area.
There are several key steps to consider when coating open tubular columns or 
MEMS chip columns. Use o f a deactivation step is considered to be critical and necessary 
to ensure that all silanol groups on the column surface are converted to siloxanes. After 
manufacturing, each column should be handled with care as the silica column surface can 
hydrolyze when exposed to moisture from the environment and reform reactive silanol 
groups. The stationary phase within a column will be more likely to form a uniform 
surface if  the column surface is deactivated before coating. Even after the column has 
been deactivated, distributions o f siloxane groups and remaining active sites may not be 
uniform throughout a colum n . 18,19 The separation o f compounds in samples for analysis 
will vary based on coating distributions, remaining active silanol sites, or with stationary 
phase degradation due to heat.
Polydimethysiloxane (PDMS, often called OV-1) is a low polarity polymer that is 
normally used for MEMS column coating. Since OV-1 has no reactive functional groups, 
it does not form covalent bonds to the silicon surface o f  MEMS columns. This applies 
even if  the Si surface is slightly oxidized to SiOEl in the column cleaning process used 
prior to coating. The structure o f  PDMS is shown in Figure 5.
Figure 5. Structure of polydimethylsiloxane (OV-1)
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These polymers are long chains o f dimethylsiloxane monomer units that decrease in 
volatility and increase in viscosity as the polymer chain length increases. Common 
solvents such as pentane used for samples injected into a gas chromatograph can partially 
dissolve a PDMS column coating and may produce column bleed and poor 
chromatography. This dissolution and bleed can be avoided by chemically crosslinking 
the PDMS in the column coating prior to column use. Azo tert butane (ATB) is 
commonly used as a crosslinking agent and is preferred over peroxides as there are few 
byproducts produced in the PDMS reaction with A TB .20
(Reidy) investigated coating processes for microchip GC columns. Longer 
column channels required larger chip wafer surfaces .3 Dimensions o f each column varied 
in length, width and height. In order to make each chip usable as a column in a gas 
chromatograph, fused silicon tubing was connected to the channel end ports cut in the 
chips and sealed to the chip with epoxy cement.
The columns were static coated with 0.008g o f OV-1 dissolved in 2.0 ml o f 
dichloromethane. The column was filled through the capillary tubing with coating 
solution under pressure by an inert gas (N2 ) and placed in a 40° C water bath. One 
capillary lead was then sealed using a septum, and a vacuum applied to the other end for 
2 hours to remove the dichloromethane solvent. Crosslinking was achieved using azo tert 
-butane.
Richter explained that ATB was the most effective crosslinking agent for several 
reasons . 19 First, the probability o f side products produced during the crosslinking reaction 
was minimal compared to side products from reaction using other azo compounds and 
peroxides as crosslinking agents. Also, the OV-1 stationary phase polarity is not changed
18
noticeably after crosslinking with ATB. This conservation o f polarity is a consequence o f 
the fact that ATB does not cause oxidation o f polymers containing functional groups that 
may be susceptible to oxidation reactions that would otherwise yield a more polar 
coating. For example oxidation o f non-polar alkyl groups to polar acid groups would 
greatly change the coating polarity.
A possible alternative to coating the column surface with a viscous polymer such 
as OV~l is to modify the surface chemically so that the stationary phase is permanently 
bonded to the surface. This is common practice for the preparation o f stationary phases in 
reverse phase liquid chromatography where long alkyl chained molecules are directly 
bonded to the silica surface. Such surfaces have also been prepared using long chained 
alkylthiols on gold surfaces through self-assembly processes.
Octadecyltrichlorosilane (CH 3 (CH yieCFfSiCT or OTS) can form a covalent 
(bonded phase) coating on silica surfaces w ith active SiOH groups. W hen OTS is bonded 
to the column silica surface, the octadecyl chain extends outward from the surface and 
forms a stable low polarity coating suitable for separating low polarity compounds. The 
reaction takes place forming covalent bonds between the column hydroxylated surface 
and OTS. Consideration must be taken in reference to the silica surface as any water on 
the surface can cause the OTS to hydrolyze. The result o f this situation will lead to partial 
m onolayer formation and cause reduced efficiency in the column.
9 1The stability o f  the OTS monolayer bonds have been tested thoroughly . 
Determining the best atmosphere for a monolayer formation was accounted for by
91Carraro. Carraro used temperatures o f 10, 25 and 40° C in an atmosphere o f 50% 
relative hum idity .21 Indications were that lower temperatures gave more cross linking and
19
that stable bonding to the surface o f the Si/SiCb with higher densities were obtained. The 
surface conditioning was accomplished at 150° C for 24 hrs in a conventional oven with a 
constant nitrogen purge. Sequential and non-sequential methods were established along 
with using varying concentrations o f OTS. These methods related to the time and 
consistency o f the dipping or coating process used. The greatest adsorption reactions 
were observed with sequential m ethods .22
Silicon wafers were initially soaked in 10:1 deionized water: HF solution for 30 
seconds to remove the native oxide layer, then soaked in a piranha etching solution (7:3 
con. H 2 SO4 : 30% FI2 O2) at 60 °C for 30 minutes. The wafer surface was then rinsed with 
deionized water and then dried using an N 2 purge flow. The treatments produced a thin 
oxide layer with an Si-OH surface density o f -5  x 1014 /cm2. Each wafer was dipped 
into an octadecyltrichlorosilane OTS in toluene solution ranging in concentration from 
(0.01-2 mM). Removal o f wafers was conducted at varying times to terminate the
coating reaction. It was reported that a thin layer o f water on the silica surface is
22necessary for OTS growth.
In another modified approach, W ang used silicon wafers initially soaked in a 
dilute HF solution to remove native oxide layer, and_then soaked them in a piranha 
etching solution at 90 °C for 15 to 30 m inutes . 18 The wafers were rinsed in water and 
dried in an N 2 flow. Wafers were then dipped in an OTS in bicyclohexane solution (1 
mM) for 24 hours under anhydrous conditions and in modified OTS solutions with a 
stoichiometrically matched amount o f water to hydrolyze the OTS. A monolayer film 
was developed under anhydrous conditions, and non-uniform clusters were present under 
hydrated conditions. It was determined that a uniform film thickness was observed under
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anhydrous conditions ranging between 2.2 through 2.5 nm with an extended length of 
2.6 nm using XPS X-ray photoelectron spectroscopy and atomic force m icroscopy . 18 A 
monolayer o f OTS was not directly identified. The actual surface state o f the silica after 
etching was unknown. It was assumed that a monolayer was formed based on the 
similarity o f reaction conditions and procedures to those o f Wang and Mirji, who 
demonstrated monolayer formation by direct observation . 1 8 , 22
Mirji tested OTS reactions in reference to contact angles on a basis o f sequential 
and non sequential dipping tests on the surface o f sample silicon chips with ( lx l  cm ) 
dim ensions.2z”2j They noted that as time increased, contact angles o f  OTS also increased 
on the wafer surface. Observations indicated that the reaction contact angle was
99 *maximized at 111 °.~ In general, the reaction was more effective with sequential dipping 
techniques and the initial reaction with OTS was quite rapid. During the duration o f 
thermal stability testing, it was observed that OTS maintained its maximum contact 
bonding angle until reaching a temperature o f 230° C. A slow decomposition o f the OTS 
monolayer was observed as the temperature was continually increased. After reaching a 
temperature o f 400° C, it was noted that the only element remaining on the silicon wafer 
substrate was silicon itself. Concentrations o f OTS at low values o f 0.5 mM  using the 
sequential method o f coating was the most effective for the greatest adsorption reaction 
efficiency .22
The purpose o f this study was to investigate and test the utility o f gas 
chromatography columns prepared on silicon microchips (MEMS chips) using various 
column coatings and coating methods. These columns may allow for practical and rapid 
analysis o f volatile organic compounds in the environment. Uncoated MEMS chips
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supplied to this laboratory were coated and tested to determine their performance in GC 
separations. The primary objective was to develop a reproducible column coating 
methods and conditions that will lead to more efficient columns for rapid analysis o f 
volatile organic compounds in field situations.
A second area o f interest was to investigate the impact o f simply bonding a 
compound with a long chain functionality to the silicon surface to act as the stationary 
phase. These experiments were initially conducted with undeactivated open tubular 
columns with different internal diameters to mimic MEMS channel diameters. W hile a 
monolayer o f something such as OTS may not be adequate for a typical open capillary 
column, such a coating may actually prove to be effective with the semi-packed columns 
where there is substantially more surface area for interaction with a monolayer o f 
adsorbent to effectively separate compound mixtures and reduce back pressure issues 
when using conventional stationary phases.
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Experimental methods
Reagents: All reagents were used as supplied by the manufactures without further 
purification. These included: (octadecyltrichlorosilane) (OTS), and azo tert-butane 
(97%) obtained from Aldrich Chemical and OV-1 (dimethylpolysiloxane) obtained from 
Supelco. Toluene, ethanol (95% ), methanol (95%), sulfuric acid, 30% H 2O2 in water, 
and hydrofluoric acid (48 to 51%), were all obtained from Acros Chemical.
Instrumentation: An HP 5890 GC system (Agilent Technologies, Inc., Palo Alto, 
CA) equipped with a flame ionization detector (FID) was used for all chromatographic 
studies. Both capillary columns and MEMS chip columns were tested under various 
conditions o f  column temperature, carrier gas flow rate and injector split ratios.
Columns: All MEMS chip columns were supplied by the research group o f Dr. 
M asoud Agah from the Bradley Department o f Electrical and Computer Engineering, 
(Virginia Tech, Blacksburg, VA). The MEMS columns coated in this study are described 
in Table 1.
Table 1. MEMS column configurations used in this study.
Column
name
Column Geometry 
length(m) x width(pm ) 
x depth (pm)
Post
Geometry Posts/row
Post
Spacing(pm)
Open 1 MEMS 1 x 120 x240 none none n/a
Semi 1 1 x 150x240 square J 2 0
Semi 2 1 x 150 x 240 square J 40
Semi column 4 1 x 190x 240 square 4 40
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Open tubular fused silica capillary columns (uncoated, not deactivated) with internal 
diameters ranging from 0.1-0.18 mm were obtained from either Alltech or Agilent. All 
columns used were cut from stock material to 1 m in length.
All MEMS semi-packed columns were piranha etched before coating was begun. 
This step was used in order to achieve a clean surface and ensure a greater chance o f 
adherence on the surface with the stationary phases. Piranha etching is an oxidative 
pretreatment cleaning step used to remove organic contaminants in a new uncoated 
column and to de-coat and clean previously coated columns. The piranha solution used 
was a 2:1 by volume mixture o f  concentrated H2 SO4 and 30% H2 O2 The reagent was 
placed in a septum capped glass vial that was connected to the column by immersing one 
end o f the column into the solution. Hydrogen peroxide was added to the acid within a 
minute before the column was to be etched to avoid decompositional loss o f H 2 O2 . The 
solution was pushed from the vial through the column for 15 minutes under N 2 gas 
pressure. After the etching process, each column was thoroughly rinsed with deionized 
water and then with ethanol, each rinse lasting 15-30 minutes. The columns were then 
purged with N 2 gas for a 24-hour period before coating or re-coating was done.
Column coating procedures: Column coating and development o f methods 
relating to each MEMS columns were prim arily based upon existing techniques. The 
focus o f coating applications was to effectively deposit the selected stationary phase, 
generally OV-1, onto each column surface to allow GC performance measurements to be 
made on each column. OV-1 (PDMS) was selected due to its common applications in 
GC, suitable polarity and sorption properties for separation o f volatile components o f low 
to intermediate polarity, and for its thermal stability. This stability is necessary to allow
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column operation at temperatures up to 325 °C with minimal column bleed, although 
these columns were limited to 250° C due to the epoxy seal for the capillary leaders to the 
MEMS chip. OV-1 was dissolved in dichloromethane at a concentration o f  10 mg/ml. 
The coating solution was prepared using 10 mg o f  OV-1 in either 10 ml o f pentane or 
dichloromethane. The solution was stirred for 24 hours in a capped vial using a magnetic 
stirrer to insure complete dissolution o f the OV-1.
Methods o f coating included in this project were dynamic and static. The original 
preferred method for the MEMS columns was static coating; however other coating 
methods were tried during the project. Fused silica capillary columns were coated solely 
by the dynamic method. A diagram o f the column coating apparatus used in these studies 
is shown in Figure 6 .
Figure 6. Coating apparatus for capillary and MEMS columns.
Capillary colum n
S ep tu m  Cap
N itrogen
Tank
C ontro l Valve
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In dynamic coating, the stationary phase dissolved in a volatile organic solvent, or 
other reagents as needed, were placed in a septum capped vial and an inert gas line 
connected to the vial. The tip o f the column to be coated was inserted through the septum 
and into the coating solution in the vial. The solution was forced into the column by using 
pressurized nitrogen gas. After the solution plug moved through the column, the solution 
remaining in the column was removed by purging with nitrogen. The OV-1 solution 
concentration used in dynamic coatings was varied for selected columns.
The static method o f  coating is procedurally different in that the coating solution 
does not move during the coating process. The vessel containing the stationary phase 
solution was set so the column tip was placed through the septum cap and into the 
solution surface as shown in Figure 6 . Then an inert gas flow was used to force the 
solution throughout the column under pressure. Once the stationary phase completely 
filled the column, the column was sealed o ff at one end with a silicone septum. After 10 
minutes, the column was placed in a water bath at a controlled temperature o f 40°C to 
50°C. A vacuum source was then applied at the open end o f the column to remove the 
volatile solvent contained in the stationary phase and to help distribute the stationary 
phase evenly on the column surface. The static method has been considered by others to 
generate a more uniform coating and allow for a more accurate estimation o f film 
thickness .3
Azo tert-butane (ATB) was used without dilution for crosslinking OV-1 in the 
MEMS columns. After the column was coated with OV-1, it was again connected to the 
same coating apparatus. The colum n’s tip was placed into the vial containing the ATB 
and headspace vapors from the ATB were passed through the column for 25 minutes at
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ambient lab temperature in most cases. After this time interval, the column ends were 
temporarily sealed using a flame. In order to accomplish the reaction (chain linking), the 
sealed column was placed in a conventional oven set at 200°C for one hour.
Another approach was also taken to treat uncoated fused silica capillary columns. 
In order to generate active sites on the column surface, a concentrated 48% hydrofluoric 
acid (HF) solution was used. The reaction process was started by using a pressurized gas 
flow to force the HF solution through the column. Times for solution flow varied 
between 1 and 4 minutes. The columns were first filled with concentrated HF solution as 
described above, and then flushed with deionized water to form an active hydroxide 
surface. The intensity (concentration o f active hydroxyl sites on the surface) was 
modified by varying times o f flowing water through a column. M aximizing the flow 
(water contact) time increases the concentration o f hydroxy l groups on the silica surface, 
thus allowing for an increased attachment, o f OTS molecules. The columns were then 
rinsed with acetone and thoroughly dried at 150 °C to remove all residual water. The 
degree o f OTS group attachment can be modified potentially by varying the reaction 
contact time within the column. Reaction times from 24 up to 72 hours were tested here.
Test Solutions: Components in standard solutions used to determine column 
performance in these experiments were selected based on their volatility, polarity, and 
occurrence as persistent compounds in atmospheric and aquatic environments. Properties 
o f  the volatile organic compounds used to test the columns are given in Table 2. The 
compounds are listed in order o f  increasing elution times as typically measured on an 
OV-1 coated column. The standard solutions were prepared by dissolving a volume o f 
each component in pentane that was calculated to attain a concentration at 1 0  mg/ml
based on known densities. Several dilutions o f the standard solution were preformed in 
pentane to provide test solution concentrations down to 1 0  ppm for each component.
Table 2. Properties of volatile organic compounds used in standard solution.
Compound BP(°C)
Vapor pressure 
(mm Hg)
Density (g/cm 3)
Chloroform 61.2 197 1.483
Carbon tetrachloride 76.7 114 1.594
Dibromomethane 131.0 1 1 . 0 2.17
Toluene 1 1 0 . 6 28.6 0 . 8 6 6
T etrachloroethylene 1 2 1 . 1 18.47 1.63
Chlorobenzene 131.0 11.7 1.106
p-Xylene 138.35 8.93 0.857
(1 ,l,2,2)Tetrachloroethane 146.5 1 2 . 0 1.541
Bromobenzene 156.0 4.18 1.495
1 ,2 ,dichlorobenzene 180.5 1.47 1.303
A second standard solution was also prepared to allow for GC tests using vapor 
phase injections to eliminate the solvent peak. The same mixture was used, but the 
components were placed in a separate septum capped glass vial with no pentane added. 
The head space over the liquid was sampled using either a 10 or 25 ml gas tight syringe 
and injected into the GC inlet as a vapor sample for chromatographic tests.
The composition o f the headspace gas for this mixture could be estimated from 
R aou lfs  law and the ideal gas law (assuming ideal behavior in the equilibration o f the 
gas and liquid phases). For the each component (i) in the liquid phase
Pi =  X i P°i (4 )
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where P i is the partial pressure and P°i is the vapor pressure o f pure (i) component. Using 
the known mole fractions in the liquid phase (X j), and the known vapor pressures o f the 
pure components, Pj values can be calculated for each component in the vapor phase. 
These Pi values can be used to estimate the number of moles (via volume) of each 
component in a mixture such that the amounts in the headspace above the liquid mixture 
were comparable.
Results and discussion 
Part I. Stationary phase coating of MEMS columns: Gas chromatograms produced in 
this study from various coating strategies used on the MEMS type columns are 
summarized in Table 2. In all GC runs, the injection port temperature was 200 °C, and the 
FID detector temperature was 250 0 C. The helium carrier gas flow rate for all 
chromatograms was typically calibrated to be 1 . 0  ml /min as measured by a bubble flow 
m eter unless otherwise noted. Since column dimensions and coating thickness were 
different for each column, the carrier gas pressure necessary to maintain this flow rate 
varied depending on the particular column. Carrier gas pressures are specified for some 
o f the chromatograms to allow distinctions to be made between separate runs using the 
same column.
Table 3. MEMS coated columns and chromatographic conditions.
Column ID
Column
type
Flow
rate
ml/min
Oven 
Program (°C) Coating1
Coating
method
OP1B1 open
channel
0.5 28/10/50 (2) OV1/ATB Static
O penlD O pen4D open
channel
0.4 28/10/60 (2 ) OV1/ATB Dynamic
O penlD open 6 D open
channel
1 . 0 28 (3) OV1/ATB Dynamic
Sem il-
lV ocvap 2
3 Posts 1 . 0 40/15/70 (5) OV1/ATB Dynamic
SerniC
2 V ocvapl
3 Posts 1 . 0 30/10/50 (3) O V l/A TB Dynamic
Semi2-1 A 3 Posts 0.4 28/10/60 (3) ODCS/OV1/
ATB
Dynamic
Semi4-
2 V oxmix2
4 Posts 1 . 0 29(2)/20/50 (3) O V l/A TB Dynamic
Semi4-
2BVocmix4
4 Posts 1 . 0 29(2)/20/50 (3) O V l/A TB Dynamic
1OVl-Polydimethylsiloxane; ATB- Azo tert-butane; ODCS- n-octadecyldimethylchlorosilane
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Column coating procedures and GC conditions listed in Table 3 are described 
below in detail for each column run, followed by the chromatogram for that run. In this 
table, and the following text, GC temperature programs used are presented in an 
abbreviated notation. For example, a temperature program from 28 °C to 60 °C at 10 
°C/min followed by a hold at 60 °C for two minutes is denoted by: 28/10/60 (2). All the 
chromatograms are labeled with peak identification numbers that refer to the individual 
components o f the standard test mixture as listed in Table 2. These peak identifications 
were estimated from known responses o f the compounds in the FID detector and 
retention times.
Open Column 1: An OV-1 solution in dichloromethane (at a concentration of 
1 Orng/ml) was applied by static coating a MEMS column with open channels and then 
crosslinking with azo tert-butane. The column was then flushed with methylene chloride 
followed by an N 2 purge overnight. The column was then crosslinked with ATB as 
described in the experimental section. The chromatogram obtained using a test solution 
with this column (identified as OP1B1) is shown in Figure 7. The chromatogram was run 
using a temperature program o f 28/10/50(2). Seven peaks were resolved, but baseline 
separation was not complete and the first three peaks could not be resolved from the 
pentane solvent, although two could possibly be discerned in the tail o f the solvent..
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Figure 7. Chromatogram obtained from on column O penld  statically coated with
OV-1 and crosslinked with ATB.
A second coating by the dynamic method was applied using a 1 Omg/ml solution 
o f OV-1 in pentane. Nitrogen gas was used to push the OV-1 solution through the 
column after sitting for 15 minutes in the column. A chromatogram with a vapor mix 
injection is shown in Figure 8  and is identified as openld. The dichlorobenzene was not 
used in the vapor mix. Open column Id  was run using a temperature program o f 28/10/ 
60 (2). The column was able to resolve eight peaks, but there was significant baseline 
drift associated with this column as well as peak broadening; however the peaks were 
retained for a significantly longer time due to the additional stationary phase. The 
broadening could partially be due to an uneven column coating and/or ineffective cross 
linking with azo tert- butane. The much lower signal is the result o f sampling a very 
small volume (2 - 1 0 ul) o f the head space vapor above the liquid mixture.
400 4
re
Q.
300
250
350
1} Chloroform
2) carbon  te trach lo r ide
3) D ib ro m o m e th an e  
4} Toluene
5) Tetrachloroethylene
6) Chiorobenzene
7) p-xylene
8} 1 ,1 ,2 ,2 - te trac h lo ro e th a n e
9) B rom obenzene
10) 1 ,2-dich lorobenzene
10
0
0 0.2 0.4 
Time (min)
0.6 0.8
32
Figure 8. Chromatogram obtained from column O penld  recoated using the
dynamic method with OV-1 and crosslinked with ATB.
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Semi 1-1 Column: This MEMS column was dynamically coated with 10 mg/mL 
OV-1 in a 40 °C temperature bath for about 20 minutes. The column was allowed to sit 
for 1 0  minutes before being purged with nitrogen gas overnight and then cross linked 
with ATB for 30 minutes. A chromatogram for this column, referred to as Sem il- 
lVocvap2, is shown in Figure 9. A split ratio o f 100:1 was used for the injection using a 
temperature program o f 40/15/70 (2 min). . All ten peaks from the standard solution 
were present, although the first peak identified as chloroform is questionable due to the 
intensity o f  the peak relative to the other low carbon number compounds and may simply 
be due to additional solvent peaks or solvent impurities. Peak widths and shapes were 
uniform with little peak tailing observed. Peak widths naturally become broader with 
greater elution times due to natural diffusion.
33
Figure 9. Chromatogram obtained from Semi 1-1 column dynamic coated with OV-
1 stationary phase and crosslinked with ATB
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Semi 1-2 Column: This MEMS column was dynamically coated with lOmg/mL 
OV-1 in an ice bath over about 20 minutes, and the dynamic coating was then repeated to 
effectively double coat the surface. The column was purged overnight and then cross 
linked with ATB for 30 minutes in an ice bath the following morning. A typical 
chromatogram for this column using a vapor phase injection is referred to as Sem il- 
2Vocvap.l and is shown in Figure 10. A 2pl injection volume was used with a split ratio 
o f 100:1 and temperature program o f 30/10/50 (3 min). All ten peaks were observed, 
and the column retenton time was generally increased for all peaks compared to semi 4-2 
as might be expected with the thicker coating. As the oven temperature increased there 
was also a noticible column bleed as evident by the increasing baseline, which may be 
caused by some mobility o f the double coated stationary phase or possibly poor ATB 
crosslinking due to the coating thickness.
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Figure 10. Chromatogram obtained from column Semi 1-2 dynamically coated
with OV-1 and crosslinked with ATB
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Semi 2-1 Column: This MEMS chip column was first piranha etched as 
previously described to clean the column surface. The solution was pushed through the 
column at 20 °C for 15 minutes. After the etching process the column was rinsed with 
deionized water and then with ethanol for 20 minutes each. The column was then purged 
with N 2 gas at room temperature for a 24-hour period Deactivation o f the column surface 
was then done by forcing pure n-octadimethylchlorosilane (ODCS) through the column 
with N 2 . The ODCS was removed and then the column was rinsed with methylene 
chloride followed by purging with N 2 for 30 minutes at 100 °C in a water bath.
The column was then dynamically coated using a 10 mg/ml solution o f OV-1 
containing azo tert-butane. The column was placed in an ice bath throughout the coating
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process to assure that the ATB in solution was retained. It was hoped that crosslinking 
by ATB would be more effective if  mixed with the OV-1 prior to coating to allow the 
stationary polymer phase to deposit in a more uniform and immobilized way throughout 
the column. The column was then purged for two hours, flame sealed, and heated at 
250 °C in an oven to initiate the crosslinking.
The Semi 2-1 chromatogram is shown in Figure 11. A lp l liquid sample injection 
o f  the 1000 ppm solution in pentane was used with a 100:1 split. N ine apparent peaks 
were observed. The peaks were relatively sharp but peaks for the first three overlapped 
with the pentane solvent. Peak ten (dichlorobenzene) was consistently broader than the 
other peaks due to the increased time for longitudinal diffusion. Overall baseline 
separation and stability was very good, implying that the crosslinking method was 
effective in stabilizing the OV-1.
Figure 11. Chromatogram obtained from column Semi 2-1 coated with OV-1 and 
crosslinked with ATB
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The piranha etching solution used is a very strong oxidizing agent and cleans 
column surfaces by oxidation o f organic matter. In addition, the piranha solution can 
potentially oxidize the surfaces o f the channels in the MEMS chips to convert some o f 
the Si surface to SiOH .23 Stationary phase OV-1 coatings applied under this modified 
conditi on may be more difficult than a pure Si surface because o f the polar nature o f the 
SiOH groups protruding from the surface relative to the non-polar character o f the 
stationary phase. The additional step o f  treating the column with the ODCS to bond to 
any active hydroxide sites could have minimized this problem by providing a more non­
polar surface for adherence o f the stationary phase.
Semi column 4-2: Several steps were taken in preparation for dynamic coating o f 
this column. The column was first washed with methylene chloride for 20 minutes and 
purged with N 2 for 30 minutes in a warm water bath to dry the column. The polymer 
solution consisted o f 0.1 Og OV-1 in 10 ml o f pentane that was stirred for 1 hour.
Dynamic coating was done in an ice bath held at 0° C and then held at 0° C for two 
additional hours as the column was purged with nitrogen. The chromatograms obtained 
from this column were very poor, with excessive peak tailing compared to those 
produced using similar procedures with the previous semipacked columns, most likely 
due to the lack o f the ATB treatment.
After recleaning this coated column with a piranha etching solution, a new 
coating o f 10 mg/mL OV-1 was applied under the same dynamic coating procedures as 
above. The final step consisted o f applying the cross linking agent ATB by bubbling the 
ATB through the column for 25 minutes. The column was then flame sealed and heated
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in a conventional oven at 200° C for one hour in order to produce the polymer 
crosslinking.
A Semi 4-2vocmix2 chromatogram is shown in Figure 12. A 1 pi injection o f the 
liquid VOC mix was used with a 100:1 split. Nine peaks were identified here but three o f 
the peaks were contained within the tail o f the pentane solvent peak. Separation was more 
complete for the last seven compounds. The total time required to elute all ten 
compounds was only 1.4 minutes. There was some peak tailing, which is most 
pronounced for dichlorobenzene (10). The Semi4-2BVocmix4 chromatogram shown in 
Figure 13 was obtained from a Ip l injection o f the vapor mix with a 100:1 split. All 10 
peaks were separated within 1 . 1  minutes with good baseline separation and relatively 
sharp peaks. The more rapid elution o f the dichlorobenzene was the result o f a much 
faster temperature ramp in the temperature program (20 °C/min as opposed to 10 °C/min).
Figure 12. Chromatogram obtained from column Semi 4-2 coated with OV-1 and 
crosslinked with ATB.
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Figure 13. Chromatogram obtained from column 4-2 B coated with OV-1 and 
crosslinked with ATB.
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The literature suggests that the static method is preferred due to a more even film 
thickness; however most o f these studies are based on open tubular capillary columns 
with rounded surfaces. Although Open Column IB is the only column presented using 
the static technique, apparently the OV-1 film did not adhere well to the Si surface. 
Studies have shown that the stationary phase tends to pool at comers and the base o f such 
columns. The rate o f solvent evaporation is also very important. If  the vacuum or the 
temperature is too high, then the solvent within the polymeric film can rapidly evaporate 
with gas formation leaving a non homogeneous layer and an unacceptable column. 
Another disadvantage found with the static coating method is that it is time consuming.
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Semi column 1-1 was considered to have retained more o f  the stationary phase 
since the posts increased the surface area. The results for semi column 1 -2 displayed 
sharper peaks. The effective use o f an ice bath possibly improved the ability to produce a 
more uniform coating throughout the column by creating a slightly more viscous solution 
in the column. Baseline drift associated with semi 1 -2 here was possibly the result o f the 
stationary phase not adhering to the surface as effectively at lower temperatures, perhaps 
because o f  poor crosslinking.
Semi 2-1 was the first MEMS column to be piranha etched. The etching process 
could have enhanced the number o f OH groups after flushing with water as well as 
producing a cleaner surface for adhesion. Nine peaks were resolved and little to no peak 
broadening was observed. Peak resolution and column bleed was also better, possibly due 
to crosslinking the OV-1 in an ice bath.
Semi column 4-2vocmix displays nine o f  the ten components in the VOC mix. 
Here the first four peaks were contained in the pentane solvent and not resolved well. The 
second chromatogram for semi 4-2 vocmixb represented a second coating. The ice bath 
was applied to both OV-1 and ATB procedures tended to improve coating and cross- 
linking. All ten peaks o f the vapor components were resolved here with good baseline 
separation.
Although only one chromatogram was presented using the static method o f 
coating (open column 1 d), the literature indicated this method would produce effective 
film coatings. Open column lb  was the most effective column using static coating, when 
compared to several other static coated columns whose chromatograms are not presented.
40
The dynamic method o f  coating columns was the primary focus o f  this research 
for several reasons. First, most chromatograms illustrated in this section exhibited 
reproducible results, although open column 1 d displayed broad peaks after it was 
dynamically recoated. The dynamic method was found to be more effective than the 
static method with respect to resolution and peak symmetry, implying that film thickness 
and uniformity was obtained. The best chromatograms from all test runs were obtained 
using dynamically coated columns coated with a lOmg/ml OV-1 solution in an ice bath, 
and then crosslinking the OV-1 coating with ATB vapors.
Part II. Surface modification of fused silica for stationary phase evaluations.
As an alternative to using conventional stationary phases coated onto a surface, 
the silica surface from fused silica columns was modified by a chemical treatment, 
followed by reaction o f the treated surface with octadecyltrichlorosilane (OTS) to form a 
non-polar stationary phase. This was performed in hopes that it could be applied to 
MEMS columns as well in the future. The general reaction o f OTS on a silica surface is 
shown in Figure 14.
Figure 14. Reaction of a hydroxylated silica surface with OTS.
Cl Cl] |  i |
— - Si—OH  + Ci—SM CisHa?) — > ____ Si—O-Si-fCiaHa?) +HC!
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Additional active binding sites are desirable to react with OTS to form chemical 
bonds between the OTS and the silica surface to produce a more uniform stationary 
phase. To achieve this, silica columns were first filled with concentrated HF solution,
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and then flushed with deionized water to form an active hydroxide surface. The HF 
initially can produce an Si-F layer on the surface. The number o f active SiOH sites that 
can be produced on the surface can be modified by varying the time that water flows 
through a column, since HF etches (dissolves) the silica surface at a rate dependent on HF 
solution concentration and reaction temperature. Increasing the flow (water contact) time 
supposedly increases the concentration o f hydroxyl groups on the silica surface, thus 
allowing for an increased effective attachment o f OTS molecules which bond to the 
hydroxyl groups. The OTS group attachment can be potentially modified by varying the 
reaction contact time within the column.
As described by Wang, monolayer formation was assumed to take place over the 
course o f 24 hrs. The silica surface is hydrophilic and the enhancement o f its bonding 
capability is determined by the reaction efficiency. There is a rapid exchange between the 
surface and HF to create Si-H and a small number o f SI-F bonds. After HF passage, 
deionized water is forced through the column under pressure and a rapid exchange 
between the Si-F and SI-H bonds with water on the silica surface can form Si-OH groups. 
As water continues to flow through the column, the nucleophilic attack on Si-F sites 
continues to produce the hydroxylation o f the silica surface. A gradual increase in 
hydroxyl groups has been observed as rinsing times are increased . 24
A number o f different conditions were tested in order to most effectively coat the 
surface o f  the capillaries with a m onolayer o f the OTS. Only the m ost effective are
summarized. Low concentrations were prepared for OTS (lOpl OTS/lOml toluene) based
22  • on recommendations in the literature. Each column was flushed with an OTS solution
and capped o ff at the tip using a septum. At the end o f 24 hours excessive unbonded OTS
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was flushed away from the column using toluene and pentane each for 15 minutes. The 
column was purged with N 2 pressure for a 1 hour span in a conventional oven at 100 °C. 
All silica capillary columns presented here were 100pm in diameter by 1 meter in length 
and were treated with OTS. Larger columns (0.18 mm i.d.) gave poorer separation, most 
likely due to much less interaction o f  the monolay er stationary phase with the compounds 
for the increased diameter. All chromatograms were performed isothermally at 28 °C at a 
flow rate o f 1 ml/min unless otherwise noted.
In one trial, pure fused silica tubing was reacted using the dynamic method with a 
48% HF flush for 1 minute followed by a rinse with DI H2 O for 5 hours. The column 
was then rinsed with pentane for 15 minutes, purged with N 2 for 30 min and heated over 
night at 150 °C in an oven with a nitrogen flow to dry the column and remove any traces 
o f water. The OTS reaction was dynamically applied as described above for 24 hr. The 
coated column was then flushed with pentane and then toluene for 15 minutes each and 
dried in the oven for 1 hr at 100 °C. Chromatograms with this column were obtained 
using 5 pL vapor phase injections and are shown in Figures 15 and 16.
Peaks were not well resolved in both chromatograms and the elution times were 
quite rapid at an o ven temperature o f  28° C. Only Five o f the ten components were 
partially resolved and baseline separation was not achieved. The OTS layer that was 
intended to react with the surface here might not have been sufficient due to the short HF 
flush time, implying that the production o f an enhanced hy droxy l bonding surface was 
possibly not achieved. The only difference with Figure 16 is the pressure setting during 
testing was increased to 4psi.
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Figure 15. Chromatogram obtained for a column with a 1 minute HF flush at 3 psi.
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Figure 16. Chromatogram obtained for a column with a 1 minute HF flush at 4 psi.
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A nother pure fused silica tube (0.1mm i.d.) was coated using the dynamic 
method, but the 48% HF flush was doubled to 2 minutes, followed by a deionized H2 O 
flush for 6  hours. The column was then rinsed with pentane for 15 minutes, purged with
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N 2 for 30 min, and then heated over night at 150 °C in the oven to dry. The OTS in 
toluene solution was applied and left to react for 24 hr; followed by a column flush with 
pentane and toluene for 15 minutes each and drying in an oven for 1 hr at 100 °C.
Chromatograms with this column are shown in Figures 17 and 18, run at pressures 
o f  3 and 5 psi respectively. The chromatogram ran at 3 psi resolved at least eight peaks 
and retention times were longer. There is a noticeable peak right after the injection o f 
unknown origin. At 3 psi the last peak eluted at 0.16 minute, but there was fairly poor 
baseline separation. This chromatogram as expected had broader peaks than the 
chromatogram obtained at 5 psi (Figure 18), which proved to have sharper peaks (when 
one considers the total timeline for the chromatogram was reduced to 0.08 m in ) , but 
poorer baseline separation was achieved at the higher pressure.
Figure 17. Chromatogram obtained for a column with a 2 minute HF flush at 3 psi.
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Figure 18. Chromatogram obtained for a column with a 2 minute HF flush at 5 psi.
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Another column was prepared using a 48% HF flush for 4 minutes, followed by a 
deionized water rinse for 5 hrs. The column was then rinsed with pentane for 15 minutes, 
purged with N 2 for 30 min, and heated over night at 150 °C in the oven to dry. OTS was 
applied by the dynamic process and left in the column to react w ith the column surface 
for 24 hr. The column was then flushed with pentane and toluene for 15 minutes each and 
dried in the oven for 1 hr at 100 °C. Chromatograms with this column are shown in 
Figures 19 and 20 at pressures o f 3 and 5 psi respectively.
Six peaks were resolved in the column run at 3psi, but with very poor 
resolution. At the higher pressure setting o f 5 psi (Figure 20) only five peaks were 
observed in less than 0.04 min as opposed to six at the lower pressure. Peak shapes were 
fairly sharp and symmetrical in both chromatograms. The improved peak shape could due 
to an enhanced surface pretreatm ent using longer HF deionized water flushes.
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Figure 19. Chromatogram obtained with a 4 minute HF flush at 3 psi.
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20. Chromatogram obtained with a 4 minute HF flush at 5 psi.
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Additional coating and cleaning reagents were also tested for the fused capillary
columns in an attempt to improve chromatographic performance. Chromic acid was tried
as a strong oxidizing agent to remove organic contamination from the column as well as
to produce additional hydroxyl sites. In addition, since the sample mixture was primarily
composed o f slightly polar compounds, trichlorophenethylsilane (TCPES) at 10pl/ml in
toluene was selected as a more polar stationary phase to test for separation effectiveness.
These low concentrations have been found to provide the best results by M ijia.2j The
dynamic coating method was the only method used in this portion o f the project. These
chromatograms are presented together in Figure 21 to allow comparison o f results for the
coatings and treatments. All injections were conducted with a 50:1 split ratio o f the vapor
m ix using 3 psi and 28 °C for the column pressure and temperature respectively.
Figure 21. Chromatograms of trichlorethylphenylsilane and OTS treatments with 
HF and dichromic acid flushes.
(C9-21 -11)// Chromic acid/OTS 
(C9-06-11)// HF/TCPES 
(C10-21-11)//TCPES 
(C9-14-11)// Chromic acid/TCPES
0.1
Time (min)
The first chromatogram (C9-21-11) is displayed at the top o f Figure 21. The 
column was flushed with chromic acid over a 48 hour period. The column was then 
rinsed with deionized water for 5 hours, and flushed with pentane for 15 minutes before 
being dried for 1 hour at 150 °C. The OTS used in the previous studies was then added 
dynamically, and the column left to react for 24 hours. The OTS reaction was then 
followed by a column flush with toluene and then pentane for 15 minutes. The column 
was placed in the oven with a constant nitrogen purge at 100 °C for 1 hour. The 
chromatogram displayed 5 peaks that were relatively sharp but separation was poor.
The next chromatogram displayed (C9-6-11) is the second plot o f Figure 21 from 
the top. This column had an HF flush applied for 3 minutes and was then flushed with 
deionized water for 5 hours. The column was then reacted with a 1 millimolar TCPES 
solution dynamically for 24 hours. The column was flushed with toluene and then 
pentane for 15 minutes and then was purged with nitrogen in an oven at 100 °C for 1 
hour. This chromatogram produced six peaks although there was considerable tailing 
associated with the last three peaks.
Column (C l0-21-11) was the only column run with no prior surface modification 
or treatment and is shown as the third chromatogram down on Figure 21 The only 
procedure prior to testing that was conducted included flushing the column with toluene 
and then pentane for 15 minutes each. This column was not coated with any form o f 
stationary phase or pretreatment deactivating agent. Five peaks are present, but they are 
broad and have considerable tailing. Tailing is most likely the result o f solute interactions 
with the untreated surface.
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The last chromatogram on Figure 21 is from column (C9-14-11). This column 
was pretreated by using a dichromic acid flush for 48 hours followed by a 5 hour 
deionized water flush. The column was dried at 150° C for 1 hour, and then dynamically 
coated with pure trichlorophenethylsilane and left to react for 30 minutes. The column 
was flushed with toluene and then pentane for 15 minutes, followed by a nitrogen purge 
for one hour at 100 °C. Here again five peaks were displayed with the tailing, but 
retention times were greater.
Peak tailing and ineffective separations in each method could be due to a couple 
o f  reasons. The monolayer that is assumed to be formed here is very thin compared to 
that o f a typical OV-1 coating in a column, which is on the order o f 0.1-0.5 pm. There is 
certainly the possibility that there is not sufficient formation o f a hydroxyl layer to 
produce a sufficient monolayer o f the stationary phase. Additional care may also need to 
be taken to ensure that the OTS and TCPES are introduced under anhydrous conditions 
so that hydrolysis o f the reagents has not occurred before flushing through the columns. 
Finally, simply increasing the column length may also improve resolution and peak 
symmetry.
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Conclusions
The coating efficiency o f  each MEMS semi packed column was evaluated and 
other methods for surface modification on fused silica for stationary phases was explored. 
The MEMS and fused capillary columns used were about 1 meter in length compared to 
the usual commercial capillary column length o f 15-60 meters. This is a considerable 
difference and each process was modified to produce more satisfactory analyte retention 
on the shorter columns. OV-1 was used for several reasons, including its non polar 
chemical structure, high operating temperature limits, and the ability to produce a thick 
and uniform stationary phase.
It was shown throughout this project that dynamic methods o f coating were 
effective and variations to the process such as water bath temperature and flow rate can 
and should be tested to perhaps improve deposition o f the stationary phase. Construction 
and coating o f each MEMS chip was successful in terms o f the column geometry listed in 
the experimental section. Through the process o f  using vapor phase injections, the coated 
areas within the etching columns were found satisfactory for separation and retention o f 
the compound mixtures. The serpentine parallel channel configuration o f  the MEMS 
columns might become more effective if  altered to include the addition o f extra posts in 
staggered or other geometric configurations. Due to many peak broadening issues and 
very short retention times for these short channel columns, each column coating 
technique should insure not only an appropriate stationary phase but also a uniform 
coating thickness on all surfaces. Although a non-polar stationary phase was able to 
separate the compounds o f interest, more polar phases might later be found to give 
improved results for other compound classes.
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The results o f this study indicate that MEMS column performance is 
comparable to equivalent lengths o f fused silicon capillary columns with similar OV-1 
coatings. The stationary phase coating was determined to be best for columns that had 
posts, which is the result o f  an increased surface area for the stationary phase to coat. The 
semi-packed MEMS columns were observed to need an increased flow rate to push the 
samples o f  interest through the columns and had longer retention times. MEMS columns 
that were not cleaned and modified had poorer separations, as found for several open 
channel and practice MEMS column chromatograms not presented here.
In fused capillary columns, HF flushes followed by water appeared to increase 
the number o f  Si-OH sites, as indicated by improved performance after reactions with 
OTS and reagents containing phenyl end chain  groups. Fused capillary columns were 
consistent throughout this project in not showing the good baseline separations that were 
obtained with MEMS semi or open channeled columns as well as separation ability.
Lower operational pressures and temperatures were required which is thought to be 
related to the much lower stationary phase loading and open path relative to most o f the 
MEMS columns.
Future directions for this research include improving column surface modification 
techniques. Testing o f  stationary phases with varying functional groups to increase 
analyte retention and surface interactions o f the stationary mobile phase should be 
targeted to improve MEMS columns to match or exceed standard capillary column 
performance. An effort should also be made to improve the pre-treatment HF processes 
using lower HF concentrations in activating the MEMS columns. This change is less 
damaging to the Pyrex covers and seals o f the MEMS columns. Sufficient bonding
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interaction will allow each coating modification to be tested for potential use in practical 
gas chromatography.
The results indicate that MEMS columns may be useful in practical micro 
instrumentation for real time field sampling. Research and development o f MEMS 
columns for field analytical GC should be continued and expanded. Ongoing studies are 
currently in progress relating modifications o f MEMS column designs with different 
geometries and relevant stationary phase coatings. 9 M odifications o f MEMS columns are 
still being developed for testing many environmental VOCs, and more sensitive mini GC
• ° 25 26  27  28systems in testing stages are currently being implemented. ’ ’ ’
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